Abstract-Active microwave breast imaging is being researched as a supplement to current breast imaging modalities. Ultra-wideband radar approaches involve analyzing reflections from the breast to identify the presence of tumors. Skin sensing, which involves estimating the location and thickness of the skin, is a key step in this process, as the reflections from the skin dominate the signal. Current methods employing a rudimentary peak detection process estimate the location of the breast with acceptable accuracy. However, estimates of skin thickness in the range of 1.0-2.0 mm have unacceptable error. A method using deconvolution to obtain the impulse response of a scattering object is investigated to improve the performance of the skin-sensing algorithm. The new method employs a calibration step using a perfect electric conductor. Application to simulated data shows success in reducing the error percentage in both breast skin location and thickness estimates by more than half.
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I. INTRODUCTION

X
-RAY mammography is the current gold-standard imaging method for breast cancer detection. The limitations of mammography have generated interest in development of a relatively inexpensive imaging modality that does not expose the patient to X-rays, creates three-dimensional images, and differentiates between malignant and benign tumors [1] . As outlined in [2] and [3] , microwave imaging has the potential to provide these capabilities. Several approaches to microwave imaging of the breast are currently under investigation [2] , [3] . One approach is active microwave imaging, which can be classified into two general categories: microwave tomography [4] , and ultra-wideband (UWB) radar techniques (e.g., [5] and [6] ). One UWB radar technique, tissue sensing adaptive radar (TSAR) [5] , uses a monostatic radar setup. A single antenna is scanned around the region of interest. The recorded scattered signals are processed to enhance reflections from the breast tissue/tumor interface.
The TSAR system requires two scans of each breast. The breast is suspended through a hole in the examination tank under the table contains the breast and the antenna, and is filled with an immersion medium for improved matching. A first scan determines the overall location of the breast volume relative to the tank utilizing the first reflection received at the antenna. A second scan done in a coronal fashion progressing from nipple to chest wall at a closer distance provides the data for the tumor detection algorithm. The TSAR algorithm has several distinct stages: skin sensing, skin subtraction, tumor detection, and image display. The reflection from the skin is on the order of 50 dB greater than reflections received from tissue interfaces inside the breast [5] and must be reduced to permit tumor detection. Therefore, skin sensing and reduction of the skin reflection are key components of the TSAR algorithm. The skin-sensing step involves estimating skin thickness and location relative to the antenna position. Previously, skin sensing has been performed using a peak-detection method [7] . This method analyzes the reflection from the skin to identify responses corresponding to skin interfaces. Tests on simulated data indicated that skin location was estimated with an error of 4.55% or less. However, error in thickness estimates may exceed 160% for a 1-mm skin layer. To put large skin thickness estimation errors into perspective, a 160% error in a 1.0-mm skin thickness in a 1.0-mm skin thickness corresponds to the maximum response of the tumor being translated incorrectly in distance by 1.62 mm. Translating the tumor response away from the correct location has effects on image focusing results. Reduction of the signal (tumor) to clutter ratio results from the tumor responses not constructively adding to the maximum possible value. This may lead to difficulties in detection of smaller tumors ( 4.0 mm). The goal of this study is to estimate practical skin thicknesses (1.0-2.5 mm [8] ) with substantially less error. The goal is to translate the tumor response no more than 0.3 mm for skin thicknesses of 1.0 and 2.0 mm. This corresponds to error percentage limits of 30% and 15%, respectively. This would mark a large improvement over the current method, and motivates development of a new approach to skin sensing.
In the literature, an approach to determining the electrical properties of the skin, as well as skin thickness has been reported [9] . Electrical properties were determined by applying an iterative algorithm to the backscatter computed from a skin layer. Thickness was estimated by performing a simulation of a half-space with the estimated skin properties. Subtracting the reflected signal from the backscatter data and applying peak detection provided an estimate of the skin thickness. We are interested in exploring deconvolution as a method to improve skin location and thickness estimates [10] .
0018-9480/$20.00 © 2006 IEEE Deconvolution is used to obtain an estimate of the impulse response of the system, and the estimates of the location and thickness are derived from the impulse response. This is expected to provide more accurate results when compared to the peak detection method. Deconvolution has been used to extract impulse responses from both reflection and transmission measurements at microwave frequencies, permitting estimation of material properties or thicknesses of layers (e.g., [11] - [13] ). Extraction of the impulse response using deconvolution has also been used to demonstrate enhanced resolution when applied to measured scattering data (e.g., [14] and [15] ). Several approaches to computing the deconvolution have been explored. For example, [16] formulated the problem of determining the impulse response as a total least squares problem. Singular value decomposition (SVD) was applied to the excitation signal, where relatively insignificant singular values were excluded before applying optimization to find an estimate of the inverse [16] . In [14] , Rothwell and Sun also used SVD to determine the impulse response; however, they examined the frequency content of the singular vectors and eliminated vectors with content outside of the range of the excitation pulse. For practical systems, approaches to deconvolution have also incorporated a calibration step. In [17] , Morgan and McDaniel used deconvolution to extract multiple impulse responses (MIRs) characterizing several influences on a signal, including the antenna. A calibration procedure that incorporated a scattering object with a known impulse response was also included. In [15] , van Cappellen et al. used a calibration step to find the system impulse response without the scatterer inserted and deconvolved this response from the measured data to isolate the object under test, much like [17] .
This paper explores the application of a deconvolution method that combines [14] , [16] , and [17] to reflection measurements. This study builds upon [10] , which tested the deconvolution algorithm on simple simulated data. Results indicated that errors in skin thickness estimates were reduced by up to an order of magnitude, and use of higher frequency signals showed even more improvement. Although initial results were promising, the method was not practical to implement. This paper introduces the use of MIRs and a calibration technique to extract the response of the scatterer in a realizable system. The methods are tested on simulated data, and are limited to a frequency range that is used in preliminary experimental work with a prototype system [19] . Extension to higher frequencies is planned following experimental verification of the methods reported here. In this study, we limit our representation of the skin to a one-layer homogeneous structure. Although the skin is of a complex multilayered construction, this simple model is a good representation for this initial work. The general layers of the skin consist of an epidermis, a dermis, and a subcutaneous fat layer [18] . The epidermis of the breast is extremely thin, on the order of 0.075-0.15 mm [18] , while the dermis layer varies from 0.7 to 2.5 mm [8] . Distinguishing the thickness of the epidermis from the dermis layer is not the goal of this research. The subcutaneous fat layer has been included in general adipose breast tissue. Establishing the overall thickness of the epidermis and dermis layers is the goal of this study.
The deconvolution algorithm is outlined in Section II, followed by a description of the finite-difference time-domain (FDTD) simulations used to generate test data. An MIR technique that includes the effects of the antenna is outlined in Section IV, followed by simulations and results that test this method. Finally, in Section V, we establish a practical deconvolution method that can be used with a TSAR system prototype. Section VI concludes this paper.
II. DECONVOLUTION ALGORITHM
The received signal is the convolution of the input signal with an impulse response. The impulse response of the scattering object is expected to provide a waveform with sharper peaks; hence, displaying the tissue interfaces with more accuracy. The observed scattered signal describes the reflections from the imaging region and is defined as (1) where the signals collected with and without a scatterer present are denoted by and , respectively. This representation assumes linearity by ignoring multiple scattering. For our purposes, the initial reflections from the interfaces between the immersion medium and skin and the skin and breast interior are of interest. These reflections dominate other reflections contained in the signal. The scattered signal may also be described using the system impulse response (2) The goal of deconvolution is to obtain the impulse response of the system from the observed signals and . Here, we consider discretized signals with time steps. Now, and become vectors of length , denoted as , , and . To perform the convolution operation in matrix notation, must be organized as a lower triangular Toeplitz matrix, and will be denoted as . The convolution may now be written as (3) and the impulse response obtained as (4) Determining the inverse of has proven to be very difficult as it is ill conditioned [13] . An alternative approach involves finding a low rank estimate for the inverse. Rothwell and Sun developed a method for this estimate that is effective for transient radar data [13] . This procedure essentially performs two tasks that limit the noise when finding the approximate inverse: limiting singular values (similar to [14] ) and examining spectral content of the singular vectors. First the SVD of is computed as follows: where and are orthogonal unitary matrices of , while is a diagonal matrix containing real nonnegative individual singular values . Next, singular values that are less than a certain percentage of the largest singular value are identified. The largest singular value corresponding to this threshold is labeled . The Fourier transforms of the column vectors of are computed and the spectral content compared to that of . Column vectors possessing significant components at frequencies greater than those contained in the observed signal are set to zero.
is defined as with columns zeroed. An estimate of , denoted , is now found as (6) where is (7) and is (8)
III. FDTD SIMULATIONS
To test the deconvolution algorithm, FDTD simulations are performed. The skin is represented with a planar sheet of material that has electrical properties similar to those of skin ( , S/m). As in [7] , the skin is immersed in a lossless substance with dielectric properties similar to fat . The excitation signal considered is a differentiated Gaussian pulse with center frequency of 4 GHz and full-width half-maximum (FWHM) bandwidth of 6 GHz. The computational domain is shown in Fig. 1 . The antenna is a resistively loaded dipole [7] . A uniform mesh for the computational domain contains a voxel size of 0.25 mm as dictated by the dimensions of 
IV. MIR METHOD
The method tested with total-scattered simulations requires modification when an antenna is used. Here, the impulse response represents the influence of the antenna in addition to the scatterer response. The influence can be considered as antenna mismatch, antenna transmission, and antenna receiving characteristics. Using a method similar to Morgan and McDaniel [17] , separate impulse responses are derived to characterize each stage. The system model considered here is shown in Fig. 2 . A first approach utilizes an observation point in the computational domain to develop the MIR technique. In Section V, an approach that is practically realizable in a lab setting is described.
As shown in Fig. 2 , the signal is modeled with four impulse responses, with the impulse response isolating the characteristics of the scattering object. The response describes the antenna mismatch. The next impulse response describes the propagation of the UWB signal from the antenna to the observation point. The last impulse response describes the antenna receiving characteristics as the signal propagates from the observation point to the antenna feed.
The time-domain equation representing Fig. 2 is (9) where the impulse responses are assumed to be error free. Signal data can be collected at the feed point of the antenna eliminating the need for an impulse response to characterize the antenna mismatch (10) Referring to Fig. 1 , an observation point is placed in the simulation space at 1 cm from the antenna. Electric-field data are collected at the observation point with and without a scatterer present, defined as and , respectively. The scattered field at the observation point is defined as (11) To acquire , we deconvolve and the field at the observation point (12) To determine , the relation between and the calibrated field at the observation point is used as follows:
Deconvolution of and results in an impulse response that permits estimation of skin location and thickness relative to the observation point. As recovering the impulse response characterizing the scatterer is the goal, there is no need to determine . Fig. 3 , the largest error in is less than 3%. Next, the impulse response of the scattering object is shown. This was obtained by deconvolving and . As verification, is then convolved with to give an estimate of the scattered field recorded at the observation point . When compared to the original signal , the largest error in is less than 1%. Finally, the impulse response is used to estimate skin location and thickness, as shown by the shaded region in Fig. 3 . Table I compares estimates of skin parameters obtained with the peak detection and MIR method. Three different thicknesses of the planar layer are included. For the deconvolution method, it can be seen that the location error is slightly higher for skinlayer thicknesses of 2.0 and 3.0 mm. However, the large reduction in thickness error for the 1.0-and 2.0-mm layers brings the results in line with the stated goal of 30% and 15% error, respectively. The reduction from 161% to 15% for a skin layer thickness of 1 mm further demonstrates the viability of this method.
V. EXTENSION FOR PRACTICAL IMPLEMENTATION
The MIR approach is adapted to a method that enables all signals to be measured, eliminating the need for the simulated observation point. Reflections from a perfect electric conductor (PEC) are used to estimate the system impulse response. This system impulse response is then used to extract the impulse response of the scatterer. Therefore, two simulations are performed. The first simulation is as shown in Fig. 2 with the scatterer located 2.5 cm from the antenna. The second places a PEC at a distance of 1.5 cm from the antenna.
Previously, the antenna transmit and receive characteristics are described by impulse responses and , respectively. The goal here is to create an impulse response, defined as , that encompasses the transmit and receive characteristics of the antenna, as well as the nonideal behavior of the system. The simulation containing the PEC can be described as (14) A theoretical estimate of is a time-delayed impulse function. This estimate of is denoted by . The simulation model now becomes (15) where is a delayed version of and is known. An estimate of the impulse response of the system can now be determined through deconvolution and includes nonideal system behavior. For the simulation containing the scattering object, deconvolving the impulse response of the system and from provides an estimate of the impulse response of the scatterer (16) Fig. 4 illustrates the estimate of the impulse response of the system, as well as the estimate of the impulse response of the scattering object. The early-time content of [see Fig. 4(a) ] consists of a positive peak followed by a negative peak, and performs the differentiation of the signal . The remainder of the signal includes the system influence and ringing from band-limiting the signal. For verification, the estimated and collected signals are compared for the PEC ( and ) and planar layer ( and ). The largest percentage error between the estimated and computed scatter for both cases is less than 0.1%. Table II shows location and thickness results obtained using the PEC MIR method. When compared with the peak detection method shown in Table I , the significant improvements in thickness estimation for the 2.0-and 1.0-mm layers are maintained. As healthy breast skin is between 1.0-2.5 mm [8] , these results show a large practical improvement over the current peak detection method. As Table II shows, the percentage error begins to increase dramatically when the skin is thinner than 1.5 mm. Thickness values of 1.34 and 1.29 mm were obtained for the 1.0-and 0.5-mm layers respectively. The maximum frequencies used in creating the impulse response of the antenna are roughly 15 GHz, corresponding to a resolution of 1.50 mm. This value was found using the radar resolution equation (17)   TABLE III  EFFECT OF INCREASING NOISE ON MEASUREMENTS   where is the resolution distance, is the speed of light in free space, is the signal bandwidth (1-15 GHz), and is the dielectric constant of the skin. Therefore, the minimum layer thickness expected to be detected using this dipole antenna with small measurement error is 1.50 mm. The minimum skin thickness we are currently interested in is 1.0 mm, which we can estimate with 34% accuracy. If the frequency range were extended to 16 GHz, the theoretical radar resolution for a skin layer is 1.30 mm, bringing the error in-line with the stated goals. We are currently investigating higher frequency options. With skin thickness estimate error of 34%, tumor response translation is 0.35 mm compared to the 1.62 mm of the peak detection method. The fluctuations in the error percentages from 3 to 1.5 mm in Table II are likely due to the ringing in the impulse response waveform slightly manipulating the true minimum. Two key factors are currently under investigation. The first is the necessity of using the estimate of , which has a nonzero value for one time-step. The distance to the PEC relative to the antenna does not correspond exactly to an integer value when distance is converted to time steps. The second is the use of in the calculation of the estimate for . Here, is an estimate itself of all system characteristics, except the scatterer. Applying the thresholding techniques in the SVD twice to a dataset, as opposed to only once with the MIR method, may eliminate information useful in the solution. Quantification of this increased error is under investigation.
Next, the effect of noise on the PEC MIR method is examined. Uniformly distributed Gaussian white noise is added to the collected signals from the antenna feed of the 2.0-mm skin layer simulations. The noise is referenced to the peak-to-peak value of the total signal measured at the antenna feeds. Once the signal is calibrated, the noise, relative to the peak-to-peak skin reflection, translates to approximately 50 dB higher. For example, a 60-dB signal-to-noise (SNR) ratio at the antenna feed translates to 10-dB SNR measured on the signals and . Table III shows the effect of increasing the noise on the results of a 2.0-mm skin layer. Here, the maximum frequency considered for is selected to give minimum thickness error for a 2.0-mm layer. Once a 60-dB SNR was attained, a thickness estimate could not be obtained. Note the location error does not change significantly with increasing levels of noise.
The thickness estimates assume that the electrical properties of the object under test are known. To test the robustness of the method to variations between actual and estimated skin properties, thicknesses are estimated using a range of permittivity values. Here, we select -based on recent measurements [3] . For the 2.0-mm skin layer with permittivity of , the estimated time for a reflection to travel through the skin layer and back is 80 ps. Using this time estimate and , the thickness estimate is 1.9 mm. Finally, realistic skin shapes are not planar. The next step toward modeling an increasingly realistic breast shape is the use of a cylinder. The antenna is placed 1.1 cm from the cylinder, which has a diameter of 6.8 cm and skin thickness of 2 mm. A comparison of the peak detection method and the MIR PEC method is shown in Table IV . Only slight improvements are made in the location estimation, however, the error in thickness estimation is reduced from 38.1% to 15.0%.
VI. CONCLUSIONS
An improved skin-sensing method to be incorporated into the TSAR active microwave breast imaging approach has been introduced. This method utilizes a MIR approach and deconvolution to estimate the impulse response of scattering objects. Skin location and thickness estimates show significant improvements when compared to the peak detection method. In particular, thickness estimates for 1.0-and 2.0-mm planar skin layers and for a 6.8-cm cylinder demonstrated large improvements, however, they did not meet the 30% error goal for 1.0-mm skin thickness. Preliminary investigation using a total scattered approach suggests that further improvements may be realized using higher frequencies.
An accurate skin-sensing algorithm is important for the TSAR imaging method. For the initial scan of the breast to determine the volume location, a reduced location error enables a more accurate placement of the antenna for the second scan. For this second scan, reduced location and thickness errors improve skin subtraction and reduce clutter in image focusing. Testing of this algorithm in more realistic environments is needed in the future. This will include testing the method on models containing dispersive skin and fat materials, differing immersion media, and on nonhomogeneous models. 
